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I. INTRODUCTION
Studies on initiation of electrical breakdown between a wire and planar electrode are of interest for a fundamental understanding of the phenomena involved. They are also encountered in industrial situations such as in microelectronic interconnection by the ball bonding process. Characteristics of electrical breakdown in a gas between two electrodes have been studied widely by assuming electrons and positive ions as the major charge carriers for plane parallel and nonuniform gap geometries.
I -
5 Most of the analytical treatments of the subject have employed onedimensional models for parallel plane geometry, and the resulting species conservation and electric field equations have been numerically solved by the method of characteristics. 6 A few two-dimensional analyses of breakdown between parallel planes are also available. 7 -9 Until recently, studies addressing breakdown in nonuniform gaps have dealt with the axial development of the discharge, and the gap nonuniformity has been accounted for by its effect on the initial potential distribution in the gap.lO,ll Complete two-dimensional analyses of discharge initiation in a nonuniform gap between a hyperboloidal wire and a plane have been solved for initial breakdown l2 -13 and have been extended to the formation of a quasineutral region in the gap.14 Jog, Cohen, and Ayyaswamyl5,16 have included the effects of electron and ion temperature evolution on the breakdown characteristics in such gaps by adding particle energy equations to the prior isothermal formulations describing breakdown of the gas. Assuming that the discharge would evolve into an arc discharge eventually (for long times), Vacek and Cohen 17 have solved a semiempirical model to determine transient temperature and heat transfer to the wire and electric field in the gap. Analytical and experimental investigations of breakdown phenomena in nonuniform gaps are reviewed in Refs. 18-21. Studies of electrical breakdown of gases with electrons and positive ions as the sole charge carriers provide generic descriptions of events occurring during the breakdown process. However, in electronegative gases, like air and oxygen, experimental evidence points to the formation of negative ions. As the formation and destruction of negative ions involves the electrons, the negative ions can cause net loss or gain of the electrons in regions of the discharge. On the other hand, unstable negative ions give up electrons, which reenter the discharge and contribute to ionization and breakdown processes; electrons gained by the stable negative ions are permanently lost from the discharge. Thus, the negative ions are expected to play an important role in the events occurring during electrical breakdown of the gases.
Very few studies dealing with the effect of negative ions on discharge development in air have been reported in the literature. 22 ,23 These studies have employed onedimensional approximations in parallel plate geometry and accounted for the presence of 0-and 02" in their models. In these studies, the effects of photoemission on the discharge development have also been accounted for. They have concluded that the negative ions hinder the growth rate of current with the maximum decrease occurring when unstable ions are present.
A two-dimensional analysis 12 of discharge breakdown in a nonuniform gap between a wire and a plane has shown that as the discharge develops, the electron density maximum moves away from the discharge axis when the wire is negatively biased with respect to the plane. Since the production and loss of negative ions depend on the local electron density, the role of negative ions is expected to be more complex in a nonuniform gap than in a parallel plate uniform gap.
In this paper, the effect of negative ions on the discharge breakdown in a nonuniform gap between a wire and a plane is studied by employing a two-dimensional form of diffusion flux equations when electrons, positive ions, and 0-and O 2 negative ions are the charge carriers. Equations governing the charged particle densities and electrostatic potential in a nonuniform air gap have been solved by a finite difference method for a gap length of 0.5 mm when the wire is negatively biased with respect to the plane for an applied potential difference of 2500 V.
II. IDENTIFICATION OF THE REACTIONS PRODUCING THE NEGATIVE IONS
Electronegative gases, such as air and oxygen, gain electrons, and the resultant system is at an energy level lower than the ground level of the neutral molecule. The difference in energy between the ground state and the negative ion is released in several ways, resulting in such processes as radiative attachment, dissociative attachment, three-body attachment, and dissociation into ions. Both stable and unstable negative ions are formed in electronegative gases. A stable negative ion (for example, O 2 ) retains the electron gained during the attachment process and an unstable negative ion (like 0-) gives it up either in a detachment process or transfers it to another neutral in a charge transfer process. Reactions involved in the production and loss of negative ions in air are summarized in Table 1 .
Comprehensive reviews by Dutton 24 and Gallagher et al.
2s also concur that the reactions summarized above accurately describe the formation of negative ions in air. A spectroscopic study by Moruzzi and Phelps26 has concluded that negative ions of nitrogen do not form in pure nitrogen or in nitrogen-oxygen mixtures. Table II summarizes the reactions that produce negative ions with major impact on discharge development in air at atmospheric pressure.
III. DEVELOPMENT OF THE MODEL
We now consider a slightly ionized, collisiondominated plasma which is adequately described by the continuum (diffusion flux) conservation equations. The diffusion flux equations are given by:27.2s nonzero and needs to be specified, and the wand to v = rr /2.
u=o is the centerline of the discharge and U-+ 00 is into the ambient. (1)
where,
where N is the number density, P is the production (ionization) rate, R is the recombination rate, r' is particle current density such that
is the current passed by the discharge, D's are the diffusion coefficients, J.L'S the mobilities, and E' the self-consistent electric field.
It is appropriate to use prolate spheroidal coordinates to solve this problem (refer to Fig. 1 
( 9) In order to complete the formulation of the problem, charged particle production and loss mechanisms have to be quantified.
A. Modeling of Ionization and recombination mechanisms
Basic mechanisms for the production and loss of positive ions and electrons are discussed by Ramakrishna, Cohen, and Ayyaswamy. 12 With the inclusion of negative ions in the model, the loss (due to attachment) and gain (due to detachment) of electrons are also accounted for in the electron conservation equation. The net volumetric rate of production of the particles is given by the following:
(a) Positive ions, including impact and thermal ionization: P + I impact and thermal ionization=apeN eli' +re( r;)Ne
(b) Electrons, including impact and thermal ionization:
(Pe-Re) I impact, thermal ionization, attachment and detachment (11) (c) 0-ions:
B. Rate coefficients for the negative-Ion formation
The coefficients (a's) used in the characterization of various production and loss rates involving the negative ions depend upon the magnitude of the local electric field and the gas pressure as a ratio, E'lp, without additional dependence on pressure. 26 ,31 A brief review of the literature pertaining to the determination of these coefficients now follows.
From their experimental data in air (11-40 Torr) and oxygen Torr) Harrison and Geballe 32 have calculated direct and dissociative electron attachment coefficients in prebreakdown discharges in which the secondary processes do not influence the discharge structure. The negative ions have been treated generically. Prasad 31 has extended the pressure range to 60-700 Torr for these coefficients and investigated dry air. The agreement with the values reported by him and Harrison and Geballe 32 is not good. Both of these investigations do not consider the effect of electron detachment on their experimental conditions. The studies of Prasad and Craggs, 33 Sukhum, Prasad, and Craggs, 34 Eccles and Craggs,35 Daniel, Dutton, and Harris,36 and Wagner 37 are concerned with the formation of unstable negative ions, which are destroyed through electron detachment or charge transfer. The experimental measurements of Moruzzi and Price 38 in dry air do not show any effects of attachment processes, and they suggest that a fast detachment process involving excited states of nitrogen may be operative. This study indicates that the negative ions may not influence the spatial growth of the discharge in air. The spatial growth experiments of Dutton, Llewellyn-Jones, and Palmer 39 in dry air in the pressure range Torr show that the ratio of attachment coefficient to gas pressure, at high pressures, depends solely on the ratio E'lp and that any additional dependence on pressure can be neglected. Wagner 37 has presented a detailed analysis of all the data then available to evaluate the attachment, detachment, and charge transfer coefficients in air and oxygen. Gallagher et al. 25 have critically reviewed the electron swarm data of electronegative gases (including air and oxygen) and updated the earlier compilation by Dutton. 24 From this review, it appears that the data of Wagner 37 are the most recent and accurate for negative-ion processes in air and it is used in this analysis.
Based on these data, the dependence of the coefficients for negative-ion formation on E'lp is derived: (Brown 40 ) . The mobility of O 2 ions is taken to be equal to that of molecular oxygen, and the mobility of 0-ions is estimated from molecular oxygen in proportion to its mass.
C. Species conservation equations
The charged particle conservation equations can now be written as follows.
(a) Positive ions: (17) (b) Electrons: In the presence of negative ions, electrons are additionally lost due to the attachment process, but they reenter the discharge due to the detachment process. The last two terms on the right-hand side ofEq. (18) reflect this:
-L"E' Ne-AdP/-Lo-No-E'e-BdPIE' -ActPNo-E ' IE'lp-(E' Ip)o,ctIH(E' -Eo,ct).
(19) Ramakrishna 
The ion and electron temperatures are taken to be specified as constant and can be different. Negative-and positive-ion temperatures are assumed to be equal.
The above set of equations has been nondimensionalized (Ramakrishna, Cohen, and Ayyaswamyl2) and a brief summary is provided. The following nondimensional quantities are defined:
In the above equations, e is magnitude of electrical charge on a single electron, k is the Boltzmann constant, EO is the permittivity of free space, Ai is the constant in the equation relating Townsend's first ionization coefficient to the ratio E' /p, d is twice the radius of curvature of the wire at its tip, and T 00 is ambient temperature; tR is on the order of nanoseconds. Governing equations in nondimensional form are presented in Appendix B.
D. Numerical solution
Five simultaneous, time-dependent, second-order, nonlinear partial differential equations governing the discharge breakdown in a nonuniform gap are solved using a finite difference algorithm by Ramakrishna and co-workers. 13,41 Salient features of this algorithm are ( 1) implicit time integration, (2) central differences for discretization of diffusion terms, (3) upwind difference method for the drift terms, and ( 4) where possible, the ionization and recombination terms are linearized with a negative slope to satisfy the "positive coefficient rule" (Patankar, 42 p. 38).
Discretization of the partial differential equations results in simultaneous algebraic equations. The presence of far diagonal terms, the nonlinear nature of the ionization and recombination terms, and the coupling of the species conservation equations with Poisson's equation necessitate an iterative solution of the algebraic equations. A two-tier iteration scheme is used to solve the algebraic equations. sities. This procedure is continued until the number densities and the potential are consistent with each other. Then, we advance to the next time level, viz., 1+2. The first iteration begins with known solution at time t (level I). It was found useful to solve equations of electrons, positive ions, and 0-and O 2 ions in an order in which they influence the breakdown characteristics, in the first tier. Alternatively, a three-tier system consisting of electrons and positive ions in the first tier, negative ions in the second, and the electrostatic potential in the third could have been employed. Convergence criteria, a flow chart, and the numerical experimentation are discussed in detail by Ramakrishna and co-workers,B,41
IV. RESULTS AND DISCUSSION
The normalized equations are solved for a negatively biased wire at a potential difference of 2500 V. The ambient pressure and temperature are 1 atm and 500 K, respectively. The electron temperature T; is fixed at 5000 K. The temperature of the heavy particles is taken equal to ambient temperature. A gap length of 0.5 mm (20 mils) and v w =O.l have been used in all of the computations. The diameter of the wire is taken to be twice the radius of curvature of the hyperboloid of revolution with V w = 0.1 and has a value of 0.01 mm. These geometric parameters are typical of the ball bonding process used in microelectronic interconnection. The initial density of the electrons and ions is taken to be 6 X 10 number densities at several locations on the discharge axis. The growth curves are compared to the growth curves obtained without the negative ions (from Ramakrishna and co-workers l 2,I3). These growth curves indicate that the agreement between the two models (with and without negative ions) is good. The electron loss or gain appears to be too small to affect the growth of the discharge on the axis. the discharge axis are shown in Figs. 3 and 4 for 0 -and O 2 , respectively. These curves show that the densities of negative ions rise rapidly by several decades in a short time. However. the rise in density is less rapid than it is for the electrons at locations near the plane. The rise in negative-ion density occurs after the ionization wave (traveling due to impact ionization near the wire tip region) passes a given location.
The axial number density profiles of the electrons at various stages of the breakdown are shown. with and without negative ions,. in Fig. 5 . This comparison shows that the effects of negative ions very early in the breakdown are negligible (t<7.SX in Fig. 4) . At later times (1)0.295 in Fig. 5 ), the electron density is lower when the negative ions are present, and the lower density represents the net electron loss from the discharge. At t= 1.84 the electron density without negative ions is nearly twice as much as the electron density with negative ions. Near the wire and at t= 1.84, it is 0.075N R with negative ions and 0.156N R without negative ions. Figure 6 shows axial profiles of 0 -ions at various times during breakdown. These profiles show that the net production of the 0-negative ions occurs between the wire and the center of the discharge (Z < 0.8). In this region the electron density and the electric field are very high and the attachment process is effective in producing the 0-ions. Near the plane the density of this specie of negative ion is nearly zero as the production rates are small due to small electron current.
The effect of negative ions on radial profiles of electrons is shown in Fig. 7 noted that the maximum values of electron and ion number densities occur on the discharge axis, r=O, at initial times, and as the breakdown progresses the peaks in radial number density profiles move off the discharge axis. 12 ,13 When the wire is negative, the radial component of the electric field, Er= -al/J/ ar, is directed towards the axis, i.e., it is 
Nondimensional electron current at the wire and at the planar electrode with and without negative ions in air. The wire is at -2500 V. p=760 Torr, L=0.5 mm, and d=O.Ol mm. Normalization current is 2.8 X 10-9 A. Legend: solid lines, without negative ions; dashed lines, with negative ions; (1) at wire; (2) at planar electrode. radially inward. As the electrons drift in a direction opposite to the local electric field, they move away from the axis at a rate proportional to the product neEr. Initially ne and the drift flux are small and the peaks occur on the axis. As time progresses, at any fixed location, the electron number density increases due to an increase in drift flux and volumetric production by impact ionization. We note also that densities are depressed very close to the wire because of the absorbing wall boundary condition. This requires the diffusive flux to dominate over the drift at the wall. These factors contribute to the electron number density peak occurring away from the axis as time increases, when the wire is negative. The electrons that drift away from the discharge axis cause ionization after sufficient buildup of their number density away from the axis. This is necessary as the electric field decreases radially outward and the local volumetric ionization rate is proportional to the product neE. The peak in the radial ion number density profile also occurs off the axis, when the wire is negative, as the production of ions depends upon the local electron density. Even though the ion drift is towards the axis, the ion number density still peaks away from the axis as the ion drift is much slower than the electron drift. It is seen here that the ion peaks shift slightly towards the discharge axis and electron peaks away from it. Figure 7 also shows that the electron density decreases in the presence of negative ions and the effect is most pronounced at later times (t= 1.84). Near its peak, the electron density decreases by nearly two decades because of the negative ions. However, the peaks occur away from the axis for the negative polarity of the wire as breakdown progresses. The spread of the discharge is nearly the same--approximately two times the gap length. Figure 8 shows current growth curves with and without negative ions. The normalization current is 2.8 X 10-9 A. The current rise occurs at the same time in both cases. When negative ions are present, the resulting current is about four times smaller because the negative ions cause loss of electrons from the discharge and the current rise is less rapid in the presence of negative ions.
V. SUMMARY AND CONCLUSIONS
In this paper, the breakdown characteristics of air in a nonuniform gap between a wire and a plane are studied by accounting for the formation of negative ions of oxygen through attachment, detachment, and charge transfer processes. The gap length is 0.5 mm and the applied voltage is -2500 V. The wire is biased negative with respect to the plane. It is found that the effect of the negative ions is negligible during the early phases of the breakdown and, at later times, the negative ions cause a net loss of electrons from the discharge. This effect is most pronounced away from the discharge axis, where the peaks in the electron density occur. The radial spread of the discharge is relatively unaffected by the presence of the negative ions. The current rise is also unaffected by the negative ions and the current levels are lower, by a decade, when the negative ions are present. 
APPENDIX B: NONDIMENSIONAL FORM OF GOVERNING EQUATIONS

